Measurements of the spectral and intensity dependences of the optically-induced reversal of current collapse in a GaN metal-semiconductor field-effect transistor ͑MESFET͒ have been compared to calculated results. The model assumes a net transfer of charge from the conducting channel to trapping states in the high-resistivity region of the device. The reversal, a light-induced increase in the trap-limited drain current, results from the photoionization of trapped carriers and their return to the channel under the influence of the built-in electric field associated with the trapped charge distribution. For a MESFET in which two distinct trapping centers have been spectrally resolved, the experimentally measured dependence upon light intensity was fitted using this model. The two traps were found to have very different photoionization cross-sections but comparable concentrations (4ϫ10 11 cm Ϫ2 and 6ϫ10 11 cm Ϫ2 ͒, suggesting that both traps contribute comparably to the observed current collapse. ͓S0021-8979͑00͒00417-5͔
I. INTRODUCTION
Electronic devices based on GaN and AlGaN/GaN heterostructures are of great current interest because of the potential for producing structures that operate at high temperature, high power, high frequency, and in adverse environments. Significant advances have been made in the fabrication of these devices: Nitride-based field-effect transistors ͑FETs͒ have been reported to exhibit continuous wave outputs up to 6.9 W/mm 1 and high frequency operation 2 at f T ϭ67 GHz and f max ϭ140 GHz. While attainable device characteristics continue to improve, the reproducibility of these characteristics has become problematic, 3 due to device limitations resulting from trapping effects. 3, 4 In addition to compensating intentionally doped material, such traps can produce persistent photoconductivity ͑PPC͒ effects and current collapse. Current collapse refers to the trapping of charge at defects, after the application of a high drain-source voltage, which results in a significant reduction in the drain current. This effect was recently investigated in a GaN metal-semiconductor field-effect transistor 5 ͑MESFET͒, and was observed only after the device had been subjected to a large drain bias. This is consistent with the view that hot carriers were injected into the high-resistivity ͑HR͒ GaN layer, where they were trapped by deep centers. Due to the low thermal emission rate from these defects, the trapped carriers remain long after the applied voltage is removed. This transfer of charge produces a depletion region in the channel of the device, which tends to pinch off the device and reduce the drain current. Current collapse has been a significant problem in Si metal-oxide-semiconductor FETs, 6 in AlGaAs/GaAs modulation-doped FETs, 7 and more recently in nitride-based AlGaN/GaN heterostructure FETs 8 ͑HFETs͒ and GaN MESFETs. 5, 9 An important characteristic of current collapse is that it is reversible with the application of light: the trapped carriers can be photoionized and are thus released from the traps. Under the influence of the built-in electric field that develops in the space-charge region, the photoionized carriers drift rapidly back to the conducting channel. This reduces the width of the depletion region in the channel and restores the drain current. There have been several investigations of the influence of light on current collapse. Measurement of the spectral dependence of the conductance in AlGaAs/GaAs structures, made before and after the application of a large drain-source voltage, led to the conclusion 10 that the traps responsible for current collapse were localized in the AlGaAs layer. The responsible trap was later identified as the DX center in the AlGaAs. 7 A later probe of AlGaN/GaN devices reported increases in the collapsed drain current due to illumination with near-band gap light and with light near 650 nm, 8 which was associated with an unidentified trap. In studies of current collapse in a GaN MESFET, it was observed 5 that the efficiency of restoring the drain current by light illumination becomes much less effective with increasing wavelength. While current interest is on heterostructure devices because of the high mobility channel formed in these structures, it is also important to understand the nature of the traps in the underlying GaN in order to be able to unravel the contributions to the measured optical response from the various parts of the device structure. Studying current collapse in the simpler GaN MESFET provides a direct way of carrying out this type of study.
In a recent report, 9 we measured the wavelength dependence of the optical restoration of the drain current in a GaN MESFET. Under the initial conditions of full current collapse ͑i.e., before illumination and with all the traps filled͒, the fractional increase in the drain current per incident photon was measured as a function of wavelength. This optical response function is related to the photoionization cross section of the trap. The resulting spectrum revealed two distinct a͒ Author to whom correspondence should be addressed; electronic mail: klein@bloch.nrl.navy.mil electron traps. Because these spectra were obtained by measuring the optical reversal of current collapse, the two traps observed must be those responsible for this effect. Consequently, this type of spectroscopy can provide signatures for the specific traps that are responsible for current collapse in FET structures.
In this work, we present measurements of the dependence of this effect upon the incident light intensity and develop a detailed model describing the optical restoration of the collapsed drain current. The model establishes a framework for understanding the previously measured spectral dependence and for analyzing the intensity-dependent measurements. This analysis also provides a means of extracting important trap characteristics from the experimental data. In addition, the model determines the relationship between the spectral dependence of the measured response function and that of the trap photoionization cross section.
II. EXPERIMENT

A. Sample and measurement characteristics
Details of the MESFET design and characterization are described in Ref. 5 . The FET was fabricated with a drainsource spacing of 5 m, a gate width of 150 m and a gate length of 1.5 m. The 200-nm-thick n-GaN active channel layer was grown on top of a 3-m-thick, undoped, highresistivity GaN buffer layer in order to separate the active part of the device from the higher-defect-density material near the sapphire substrate. Hall measurements at 300 K indicated a channel carrier concentration of 2ϫ10 17 cm
Ϫ3
and a mobility of 410 cm 2 /V s. I -V characteristics were determined using a HP4145b semiconductor parameter analyzer, which measures the drain characteristics with a single sweep of the drain-source voltage, V D , for each gate bias. The current collapse measurements were all carried out at 293 K and at zero gate-source bias. Monochromatic light was provided by a 75 W Xe arc lamp ͑PTI model A1010͒ or a tungsten-halogen lamp, and a Spex 1680B 0.22 m double monochromator with a 1200 groove/mm holographic grating. The spectrometer bandpass was set to approximately 3.5 nm. The light was collected with a spherical mirror and focused onto the device. The dependence of the light-induced increase in drain current upon light intensity was determined at a fixed drain voltage, using calibrated neutral density filters to attenuate the incident light.
B. Measurement of drain current restoration
Current collapse occurs after a GaN MESFET is subjected to a high drain-source voltage, and hot carriers are injected into the thick HR GaN layer. The electrons ͑for an n-channel device͒ that are trapped in this region by electrically active deep centers produce a charged region in the HR layer, and a corresponding depletion layer extends into the active layer, thus narrowing the channel and causing the I -V characteristic of the device to collapse. In a simplified ''abrupt-junction'' view of this process, the traps, distributed uniformly with concentration N T , fill to a depth x T below the n-type/HR interface. This corresponds to the case in which the drain current is fully collapsed, as all of the traps within the charged region are filled. As the device is irradiated with light, trapped carriers are photoionized and drift rapidly back to the channel under the influence of the large built-in electric field (Ϸ10 5 V/cm, see Sec. IV C͒ that develops across the interface due to the charge transfer. This reduces the amount of trapped charge, shrinks the depletion layer, increases the drain current, and reverses the current collapse.
As the fully collapsed ͑dark͒ state corresponds to the traps being completely filled within the charged region of the HR-GaN, a natural measure of the reversal of this phenomenon is the fractional increase in the drain current above the dark level. This is a direct measure of the fraction of trapped carriers that have been released. To be meaningful, this quantity must be normalized by the total number of photons incident on the sample. Consequently, at a fixed value of the drain voltage, we define a response function 9 that is the fractional increase in drain current above the dark level per incident photon of energy hv
Here ⌽ hv is the incident photon flux, t the illumination time, ⌬I(hv) the light-induced increase in the drain current above the dark level; ⌬I(hv)ϭ͓I(hv)ϪI dark ͔, where I(hv) is the drain current after illumination and I dark is the fully collapsed drain current. The product ⌽ hv •t is the total exposure, i.e., the total number of photons per unit area incident on the device after illumination for a time t. In Ref. 9 , we noted that under certain circumstances the response function S(hv) is proportional to the photoionization cross section of the trap, (hv). The conditions under which this holds is determined in Sec. IV. In order to ensure reproducibility, it was important for the measurements to begin with the device in the same state for each measurement. This was accomplished by irradiating the device with a blue GaN light emitting diode ͑1 mW͒ before applying the high drain-source bias. This procedure led to very reproducible results, and presumably emptied all of the traps, thus eliminating the channel depletion region and returning the device back to the equilibrium condition.
C. Photoionization spectra
In order to provide a proper context for the intensitydependent measurements and for the model that will be developed, the previously reported 9 spectral dependence of the optical response function S(hv) is shown as the open circles in Fig. 1 . The same GaN MESFET is used in the present measurements. Two broad absorptions were observed, and labeled Trap 1 and Trap 2. Standard expressions for the spectral dependence of the photoionization cross section of a deep level 11 were unsuccessful in fitting this data. From the apparent large trap depths and the large breadth of these absorptions, it was concluded that the traps were strongly lattice coupled. Consequently, the data were fitted using an expression appropriate for absorption from strongly latticecoupled defects, 12 shown as the solid line in the figure. Two absorption thresholds were determined, at 1.80 and 2.85 eV below the conduction band, which is suggestive of deep traps. The dashed lines represent the contributions from the individual traps. The additional rise near the band edge was thought to be due to the optical injection of carriers into the channel. Photoionization of charged shallow acceptors is also a possible explanation. Due to the nature of the measurement, it is clear that the two traps evident in Fig. 1 must be those responsible for current collapse in the device. It was also noted 9 that these same traps are most probably associated with PPC effects as well, as each of the two spectra was found to reproduce the photoconductivity spectrum of a trap associated with PPC. 13, 14 In order to study each trap individually through the dependence upon light intensity, a fixed wavelength was chosen for each trap. A wavelength of 600 nm ͑2.07 eV͒ was chosen for Trap 1 ͑see Fig. 1͒ . At this wavelength, the photoinduced increase in the drain current is still reasonably large, but there is no contribution from Trap 2. The spectrum of Trap 2 overlaps completely with contributions from Trap 1. However, the contribution from Trap 2 is dominant at 400 nm ͑3.10 eV͒. Consequently, this wavelength was chosen to characterize Trap 2.
III. RESULTS
Available light intensities were limited to р100 W spread out over approximately 20 mm 2 . The illumination time for all measurements was fixed at tϭ5 s ͑as in Ref. 9͒ , so that varying the light intensity is equivalent to varying the total exposure, (⌽ hv t). In what follows we will often refer to light intensity, the independent variable in the experiment. It should be kept in mind, however, that the change in the charge density due to the optical ejection of carriers from the traps is an exposure effect, depending on both the light intensity and the illumination time.
As the dependence of ⌬I(hv) upon light intensity was observed at a fixed wavelength, it was equivalent to analyze either ⌬I(hv)/I dark or S(hv) ͓see Eq. ͑1͔͒, as long as the duration of the illumination remained fixed. The former was chosen as a more intuitive measure, as a saturation of ⌬I/I dark is expected at high light intensity ͑exposure͒, when almost all of the trapped carriers have become liberated. In this same range of light intensities, S(hv) decreases as ⌽ Ϫ1 due to the intensity normalization built into Eq. ͑1͒. The experimentally measured dependence of ⌬I/I dark on the incident intensity is shown as the data points in Fig. 2 . The 400 nm data for Trap 2 ͑crosses͒ are corrected ͑squares͒ by subtraction of the small contribution from Trap 1 at 400 nm, as discussed in Sec. IV. A linear dependence is observed at low excitation for both traps. At the highest excitations, Trap 2 appears to be well into saturation, while the response of Trap 1 is only beginning to saturate. This is consistent with the much weaker response ͑by a factor of Ϸ10 2 ͒ of Trap 1 compared to Trap 2 observed in the spectral study shown in Fig.  1 . As we will see in Sec. IV, this behavior can be the result of either a smaller photoionization cross section or a lower trap concentration for Trap 1.
IV. MODELING OF CURRENT COLLAPSE
A. Single trapping species
In this section, we will model current collapse in the MESFET in order to develop a framework for understanding this phenomenon in better detail and to enable the extraction of physically significant parameters from the experimental data. We reemphasize that, because the carriers are localized on deep traps, the spatial distribution of charge in the HR layer is effectively ''frozen in' ' . In what follows, we will emphasize this distinction from the familiar depletion region by using the term ''charged region'' instead. This distinction has clear physical consequences: in a standard p-n junction, as the amount of charge in the depletion layer is reduced ͑for example, by applying a forward bias͒, the width of the depletion layer decreases while the volume charge density remains the same. For the MESFET considered here, this remains the case only for the positively charged depletion layer in the active region. The situation for the charged region is just reversed: the charge within the region is trapped at deep defects. If some of these trapped carriers are liberated, either optically or thermally, and return to the channel, the remaining charges are not free to redistribute. Consequently, the layer width remains the same, and the concentration of trapped charge decreases.
The MESFET will be modeled in a manner similar to typical textbook treatments, 15, 16 except that these assume symmetric depletion regions associated with gate contacts at the top and bottom of the device. We will assume the abrupt junction approximation, with uniform densities of dopants in the active region and traps in the HR GaN. The latter are assumed to be neutral when empty and negatively charged when filled. We also assume the gradual channel approximation, appropriate for a 1.5 m gate length, and with the charge distributed uniformly under the gate.
The device geometry is depicted in Fig. 3 . Three charged regions exist: There are depletion regions directly under the gate and at the bottom of the channel ͑due to the trapped charge͒, and there is the charged region in the HR GaN layer. After the application of a large drain-source voltage, the magnitude of the initial areal charge density on each side of the n-type/HR interface, before any light illumination, is given by charge conservation
where e is the magnitude of the electronic charge, N d and N T are the ͑uniform͒ volume concentrations of donors in the channel and traps in the HR region, respectively, and x n and x T are the initial widths of the depletion and charged region layers, respectively. Q T represents the total charge transferred due to the application of the high drain-source voltage.
It is assumed that all of the traps in the charged region are initially filled. After illumination with light for a time t, some of the trapped charge is released and returns to the channel, thus decreasing the trapped charge density and the width of the depletion region. The dependence of the areal density of trapped charge on illumination time is given, following Eq. 2, as
The depletion layer width x n (t) decreases from its initial value x n as the total amount of trapped charge is reduced by the light illumination. The width of the charged region remains fixed, while the concentration of negatively charged traps, N Ϫ (t), decreases from its initial value N T as the light releases charge from some of the traps. The concentration of uncharged traps is denoted by N 0 (t), so that
With this notation, we consider the modeling of current collapse in the MESFET. With a drain voltage applied, the voltage drop across an incremental section of the channel of length dy and resistance dR is
where n is the mobility of the channel, V(y) is the variation of the applied potential along the length of the device, W the gate width, d the total thickness of the active layer, and h the width of the depletion region under the gate. The expression in square brackets is just the width of the conducting region of the channel, and N d e n is the channel conductivity. Solving Poisson's equation in one dimension and with zero gate voltage ͑the experimental condition͒ leads to an expression for the backside depletion width in the channel 15, 16 x n ͑ y ͒ϭͱ
where U bi is the built-in potential across the n-type/HR interface and ⑀ is the static dielectric constant of the material. The width of the depletion layer under the gate is given by 15, 16 h͑ y ͒ϭͱ
with V bi the built-in potential associated with the gate contact. Integrating Eq. ͑5͒ over the length of the gate, L, with
where 
͑9͒
In the linear regime, the depletion widths ͓Eqs. ͑6͒ and ͑7͔͒ become independent of the applied drain voltage, and depend only on the built-in potential. The measurements described in the previous section were carried out in or near the linear region. Equation 9 expresses the I -V relationship in the linear regime and with no light irradiation: This corresponds to the drain current in the fully collapsed ͑dark͒ state, I dark . The current collapse is embodied in the built-in potential U bi , which is a function of the total areal charge density Q T ͓Eq. ͑2͔͒ injected into the HR region. When the device is illuminated, some of the charge is released from the traps and returns to the channel. With a reduced amount of trapped charge in the HR layer, U bi also decreases. Thus, the built-in potential at the interface, and therefore the drain current, depends upon the amount of light incident upon the device: U bi ϭU bi (⌽,t), where ⌽ and t are the photon flux density ͑photons/cm 2 /s͒ and duration of the incident light illumination, respectively. The increase in the drain current ͑at fixed V D ͒ due to the light is obtained from Eq. ͑9͒
Before constructing S(hv) from Eqs. ͑1͒ and ͑10͒, it will be convenient to express the built-in potential U bi in terms of the areal density of trapped charge, Q(t)ϭeN d x n (t) ͓Eq. ͑3͔͒, where the depletion width in the channel varies with illumination time in response to the decreasing trapped charge density. Combining Eq. ͑3͒ with Eq. ͑6͒ for the depletion layer width, and noting that in the linear regime x n is independent of the applied voltage, the built-in potential with light illumination becomes
while in the dark we have
where Q T ϵQ(0,0) corresponds to the total areal charge density initially transferred into the HR region. Using Eqs. ͑1͒ and ͑9͒-͑12͒, the response function for photon flux density ⌽ hv at photon energy hv for illumination time t then becomes
The denominator of the expression in brackets reflects the areal density of channel carriers, after the depletion regions under the gate and at the HR interface are taken into account.
A determination of the response function S(hv) requires evaluating the dependence of the trapped charge density upon the illumination time and intensity. At tϭ0, just before illumination begins, the traps are filled within the charged region, N Ϫ (0)ϭN T . The areal density of trapped negative charge after light illumination for duration t is ͓Eq. ͑3͔͒ Q(t)ϭeN Ϫ (t)x T , where, as we noted earlier, x T remains fixed because the remaining trapped charge cannot redistribute. The total charge in the HR layer should also include contributions from the photoexcited carriers in the HR region that have not yet crossed back into the channel. This contribution will be neglected because, as we will show in Sec. V, this concentration is extremely low, as the large built-in field drives the photoexcited carriers rapidly back into the channel layer.
In equilibrium, ͑no trapped charge͒ the traps can be either empty or partially compensated, depending upon the position of the Fermi level in the HR material. If the traps are partially compensated, the total trap concentration N T in Eq. ͑2͒ must correspond only to the concentration of uncompensated traps in equilibrium. The remaining traps that were already filled in equilibrium will not contribute to the current collapse process or to the optical reversal of current collapse, since these processes only depend upon the amount of charge that has been transferred from the channel to the HR layer. For example, if all N T trapped carriers have been photoionized and removed from the charged region, any remaining filled traps, corresponding to those that were already filled in equilibrium, can still be photoionized. However, these photoexcited carriers experience no built-in field, as the region is no longer charged. Consequently, they remain in the HR region and are eventually re-trapped. With these considerations, N Ϫ (t) must correspond only to the traps that were filled as a consequence of the initial application of a high drain-source voltage.
The carrier dynamics associated with the photoionization of traps in the charged region is represented in Fig. 4 . Three processes dominate the time dependence of the trapped charge density: photoionization, carrier capture, and carrier drift back to the conducting channel. The former process generates photoexcited carriers into the conduction band of the HR material, while the latter two processes compete for those carriers. In Sec. V, we will show that for the conditions under which the experiments were carried out, the carrier capture rate is negligible in comparison to the rate of carrier drift. Neglecting carrier capture, N Ϫ (t) takes a particularly simple form
where (hv) is the photoionization cross section of the trap. Consequently, we can rewrite Eq. ͑3͒ as
Combining Eqs. ͑13͒ and ͑15͒, the dependence of the response function on illumination time and intensity becomes
where the parameter K is dependent only upon the initial trapped charge density and the characteristics of the channel. Under conditions of weak carrier excitation ͑small photoionization cross section or low light exposure͒, such that (hv)•⌽•tӶ1, Eq. 16 becomes
Thus, the conditions under which the response function S(hv) is proportional to the photoionization cross section of the trap are; ͑1͒ that the measurement is made in or near the linear regime, V D ϽV bi , U bi , and ͑2͒ that the measurement is made under weak excitation, (hv)•⌽•tӶ1. The photoionization spectra shown in Fig. 1 were obtained under these conditions. It is now evident that the response function S(hv) is not sufficient to determine whether one of the two traps in Fig. 1 is dominant in causing the observed current collapse. While the spectra in Fig. 1 clearly resolve the responsible traps, the response function only measures how effectively light can reverse this effect. The parameter that determines the contribution of a particular trap toward producing current collapse is the concentration of carriers that can be trapped on that defect due to the application of the high drain-source voltage. Equations ͑2͒, ͑17͒ and ͑18͒ indicate that S(hv) depends on both the trap concentration and on the photoionization cross section. These parameters are deduced in Sec. IV C by fitting the experimental data to the model developed here.
B. Multiple trap species
For wavelengths longer than about 480 nm (hv Ͻ2.6 eV), the contribution of Trap 1 to S(hv) in Fig. 1 is independent of that from Trap 2. For shorter wavelengths, both traps contribute. The model described above can be extended rather simply to the case of overlapping contributions, such as that for hvϾ2.6 eV in Fig. 1 . Assuming that the charge is distributed over two distinct traps, it is straightforward to show that the response function becomes
where
Here, the j (hv) and the Q jT are the photoionization cross section and the areal charge density associated with each trap, jϭ1,2, and Q T ϭQ 1T ϩQ 2T is the total areal charge density ͓Eq. ͑2͔͒. Extension to more than two traps is obvious. For the case of low excitation, j (hv)•⌽•tӶ1, and the response function reduces to
Thus, the individual contributions in Fig. 1 are additive under low excitation conditions.
C. Fitting of the intensity dependence
The dependence of the optical reversal of current collapse on the intensity of the incident light for fixed illumination time ͑Fig. 2͒, was studied by monitoring ⌬I(hv)/I dark rather than S(hv), as noted in Sec. III. From Eqs. ͑1͒ and ͑16͒, this can be written
where K is a function of the concentration of trapped charge and known channel characteristics ͓Eq. ͑17͔͒. At 400 nm, the response seen in Fig. 2 for Trap 2 ͑crosses͒ contains a small contribution from Trap 1 ͑see Fig. 1͒ that becomes nonnegligible in the saturation regime. Subtracting this contribution, the squares in Fig. 2 indicate the response associated with Trap 2 alone. For each trap, two parameters are required to fit the data; K and (hv exp ), where hv exp is the photon energy used in the measurement. Equation ͑22͒ is plotted as the solid lines in Fig. 2 , using the results of this fitting procedure for each of the two traps. The parameter K determines the saturation level, corresponding to having emptied all of the traps, while the magnitude of the data in the linear region is most sensitive to the photoionization cross section. The resulting parameters were found to be: 2 (400 nm͒ Х2.8ϫ10 Ϫ15 cm 2 , K 2 Х0.40; 1 (600 nm)Х6ϫ10 Ϫ17 cm 2 , K 1 Х0.24. Note that the relative photoionization cross sections for the two traps as determined from this procedure are consistent with the spectral measurements of Fig. 1 .
From the experimentally determined values of K for each trap, the areal trap concentrations N 1T and N 2T (N jT ϵQ jT /eϭN jT •x T ) can be determined using Eq. 20. With N d ϭ2ϫ10 17 cm Ϫ3 , dϭ200 nm, V bi ϭ1 V for the Pt gate contact, and taking ⑀Х9.5 for GaN, [17] [18] [19] we find that N 1T and N 2T are comparable:
, and consequently the total areal trap density is N T Х1ϫ10 12 cm Ϫ2 . It is now clear that the large difference in the observed magnitudes of S(hv) for the two traps ͑Fig. 1͒ results primarily from the difference in their photoionization cross sections. In contrast, the concentrations of the two traps are comparable. Consequently, both traps contribute comparably to the current collapse in this device.
The maximum field across the n-type/HR interface can now be estimated: for the simple abrupt junction described earlier, E max ϭQ T /⑀ϭe•N T /⑀. We find the field at the interface, E max Х2ϫ10 5 V/cm for this device in the fully collapsed state. Thus, the transfer of charge into the HR region produces a rather large initial electric field that drives the carriers rapidly back into the channel when they are released from the traps.
V. CARRIER DYNAMICS
Two simplifying assumptions were made in connection with Eqs. ͑3͒ and ͑14͒ in determining the dependence upon illumination time of the concentration of filled traps, N Ϫ (t), and of the total areal charge density, Q(t). These assumptions were: ͑1͒ that the rate of recapture of photoexcited carriers in the HR region was negligible in comparison to the rate of drift of carriers out of the region, and ͑2͒ that the charge density due to photoexcited free carriers in the HR region was negligible compared with the charge density due to trapped carriers. It will be shown that these assumptions are valid except in the limit of very long illumination times, when almost all of the traps have been emptied, and the built-in field has become weak. If the carrier generation rate, (hv)⌽, becomes small enough ͑low optical fluence or small photoionization cross section͒, thermal emission would also have to be taken into account.
To examine this situation more closely, the dynamics of carrier generation and recombination must be considered. The photoexcited carrier dynamics in the HR GaN was summarized in Fig. 4 . Trapped carriers, with concentration N Ϫ (t), are photoionized by the incident light, and may be re-trapped at neutral ͑uncompensated͒ centers, with concentration N 0 (t)ϭN T ϪN Ϫ (t), or they may be swept out of the charged region by the built-in field before they can be trapped. The current density J n associated with the photoexcited carriers can be related to the carrier concentration n(t) in the HR region through the continuity equation
where G n is the carrier generation rate due to photoionization and R n is the recombination rate due to re-trapping. As indicated in Fig. 4 , we may write
where c is the room temperature electron capture cross section of the trap, v th is the average electron thermal velocity, v th ϭ(3k B T/m e *) 1/2 , k B is Boltzmann's constant, and m e * is the electron effective mass of GaN, 20 m e *Х0.2m 0 . Because of the high electric field in the charged region, carrier drift effects will dominate carrier diffusion. Under these conditions, Eq. ͑23͒ simplifies to
where E is the built-in electric field and e the electron mobility in the HR GaN. Note that the very low mobility observed in HR GaN, generally associated with a deep-defect hopping conductivity mechanism, 21 is appropriate only for thermally generated carriers. The mobility of photoexcited carriers would be expected to be closer to that measured in the n-type layer.
Under the abrupt junction approximation with uniform charge densities, E(x) is linear in x. Taking the total volume charge density in the HR region as Ϫe͓N Ϫ (t)ϩn(t)͔, which allows contributions from both charged traps and photoexcited carriers, we find that ‫ץ‬E/‫ץ‬xϭϪe͓N Ϫ (t) ϩn(t)͔/⑀. Combining this with Eqs. ͑24͒-͑26͒, the timedependent carrier concentration is determined by
where aϵ c v th and bϵ( e e/⑀) are representative of the capture and drift processes, respectively. The competition between capture and drift is evident in the term enclosed in curly brackets. The corresponding concentration of negatively charged traps is determined by
If we first consider the case where recapture of the photoexcited carriers is neglected (aϭ0), Eq. ͑28͒ leads directly to the exponential decay of the trapped carrier concentration indicated in Eq. ͑14͒. The solution of Eq. ͑27͒ for n(t) in this situation results in a carrier concentration that rises rapidly with a time constant (bN T )
Ϫ1 to a constant level, n ss ϭ͓(hv)⌽/b͔, determined by a quasisteady-state balance between carrier generation and carrier drift. 22 Assuming a typical trap concentration of 10 16 cm Ϫ3 for Trap 2 ͓ 2 (400 nm͒Ϸ2.8ϫ10 Ϫ15 cm 2 ͔, the carrier concentration is found to rise with a characteristic time of about 1 psec to a maximum quasisteady-state value ͑for the highest optical fluence employed in this work͒ of approximately n ss Ϸ6ϫ10 4 cm Ϫ3 . This is shown as the inset in Fig. 5 for an incident photon flux of ⌽ϭ5ϫ10 13 cm Ϫ2 s Ϫ1 ͑see, e.g., Fig.  2͒ . It thus becomes clear from the magnitude of n ss that the charge density associated with the free carrier concentration remains much smaller than that associated with the filled traps, until the latter are almost all empty. Consequently, the neglect of the free carriers in determining the charge density of the HR region is seen to be a very reasonable approximation.
For carrier capture to be negligible, the capture term in Eq. ͑27͒ must be much smaller than the drift term. Taking into account that n(t)ӶN T , this condition becomes
͑29͒
The condition under which this inequality remains valid is determined by the magnitude of (a/b). Evaluating this ex-pression requires knowledge of the room temperature capture cross section of the traps being investigated in this work. While such data are not available for the traps considered here, capture cross sections in HR and n-type GaN have been reported [23] [24] [25] in a broad range from roughly 10 Ϫ23 cm 2 to 10 Ϫ15 cm 2 . Polyakov et al. 25 have reported capture cross sections for GaN near room temperature for the E2 center ͓ c (278 K)ϭ4ϫ10 Ϫ20 cm 2 ] and the E4 center ͓ c (385 K)ϭ3.3ϫ10 Ϫ23 cm 2 ]. In Ref. 9 we presented evidence to suggest that the two traps observed in this work also participate in PPC. As PPC due to traps generally involves centers with small capture cross sections, it follows that the traps in Fig. 1 would also be expected to have small capture cross sections. Hirsch et al. 13 confirm this, concluding from their PPC measurements that the trap corresponding to Trap 2 in the current work would need to have a very small capture cross section. With these considerations in mind, we choose a capture cross section of 1ϫ10 Ϫ18 cm 2 as an appropriate compromise to estimate (a/b) for Trap 2. This value is small compared to the largest capture cross sections, yet not so small as to preclude any significant re-trapping.
Using this value for c , a mobility comparable to that in the n-GaN channel, and with the 300°K thermal velocity for GaN, v th Х9ϫ10 6 cm/s, we find (a/b)Ϸ1ϫ10 Ϫ7 . This suggests that, even with uncertainty in some of the parameters, the inequality given by Eq. ͑29͒ remains valid until virtually all of the charged traps have been neutralized. Consequently, the neglect of carrier trapping is of concern only at very long illumination times and does not have a significant effect on the analysis of the data in Fig. 2 .
These considerations may be investigated in more detail by solving the coupled equations ͑26͒ and ͑27͒ simultaneously, and without further approximations, using numerical methods. The result of this computation is shown in Fig.  5 . The concentrations of N Ϫ (t) ͑dashed line͒ and n(t) ͑solid line͒ are plotted versus illumination time for three values of the incident light flux; 5ϫ10 14 , 5ϫ10 13 , and 1ϫ10 13 cm Ϫ2 s Ϫ1 , which correspond to saturation, intermediate and linear regimes, respectively, for Trap 2 in the intensity dependent measurements shown in Fig. 2 . The top row of panels corresponds to the case with negligible re-trapping, while the bottom row corresponds to a room temperature capture cross section of 1ϫ10 Ϫ18 cm 2 . For the time scale in this figure, the carrier concentration is initially constant at its quasisteady-state value, ͓(hv)⌽/b͔, as shown in the inset. Without carrier capture, the trapped carrier concentration decays exponentially with irradiation time, while the carrier concentration remains constant until the filled trap concentration has decayed to the point where N Ϫ (t)Ϸn(t). At this stage, N Ϫ (t) no longer dominates the contribution to the charge density that determines the built-in electric field. Beyond this point the quasisteady-state carrier concentration can no longer be supported, and n(t) begins to decay. As expected, more intense light leads to a faster decay of the filled trap concentration, and thus to an earlier decay of the carrier concentration.
The bottom row of panels in Fig. 5 corresponds to a nonzero capture cross section. There is little effect of capture on the carrier and filled trap concentrations at short illumination times. Capture effects become significant at later times, when the inequality in Eq. ͑29͒ is no longer satisfied. It can be shown that this same condition also corresponds to N Ϫ (t) becoming nonexponential, as the recapture of photoionized carriers slows the decay of the trapped carrier concentration. With stronger excitation, capture becomes significant at earlier illumination times. At later times, when there is significant re-trapping of the photoionized carriers, the quasisteady-state balance of photoionization and drift is disrupted, and the carrier concentration begins to decay. This occurs when the fraction of filled traps, N Ϫ (t)/N T , has decreased sufficiently so as to be comparable with the fraction (a/b), and almost all of the traps have been emptied. At even later times, when capture dominates over drift, n(t) follows a t Ϫ1 behavior. It should be noted that these considerations apply to time scales that are substantially longer than the 5 s illumination time employed in the measurements of Figs. 1 and 2 . The experimental conditions correspond to a quasisteady-state carrier concentration and an exponentially decaying filled trap concentration.
VI. DISCUSSION
The experimental technique discussed in this work has been shown to provide spectroscopic signatures of traps that degrade FET output characteristics by limiting the drain current. By modeling the current collapse process, important trap characteristics such as the areal trap density and the photoionization cross section can be obtained. Of greater significance, the model provides a framework for understanding the process and for applying the technique. The main limitation of the measurement, of course, is that it is sensitive only to current collapse and to traps that participate in that process. In some sense, this is also an attribute, as it is clear that any traps observed in this way can be unambiguously identified as contributors to this effect. This limitation should not be considered absolute, in the sense that the general approach may be extended to any trap-related phenomenon that responds to light illumination. Photocapacitance spectroscopy is an obvious example.
When extracting physical parameters using the model developed in Sec. IV, it is most suitable to use a gateless structure, as the gate tends to block some of the light, thus leading to an overestimate of the incident light intensity. When such structures are not available, as in the present case, it can be shown that this effect will lead to an underestimate of the extracted photoionization cross sections by the same factor, but will have no significant effect on the extracted areal trap concentrations or on the spectral dependence of the photoionization cross section ͑Fig. 1͒.
While the use of a gateless structure would be ideal, there are several approaches that could be employed with gated structures. One solution is to use a semitransparent gate. While FETs are not generally fabricated in this way, it would be possible to produce test structures in this manner. As the substrates are transparent to light, another alternative would be to allow the light to enter from the bottom of the device. However, this limits the available wavelengths to those below the band gap of GaN, which could become problematic in studies of AlGaN/GaN structures. Bottom-access measurements have been used to probe the actual location of traps in a device structure: Dang et al. 26 measured the spectral dependence of photoconductivity in a PPC study of an AlGaN/GaN structure, comparing results from top and bottom access in an effort to determine the location ͑AlGaN or GaN͒ of traps associated with features in the photoconductivity spectrum. It was concluded that defects giving rise to PPC were present in both the AlGaN and the GaN layer. While some features could be associated with a particular layer, the location of other spectral features that were below the gap of both materials could not be distinguished. The broad absorption observed at longer wavelengths was interpreted in terms of a broad distribution of defect states within the band gap. Such a broad distribution is not required, however, in order to account for this kind of absorption spectrum. As we have noted 9 in reference to the two broad absorptions in Fig. 1 , such broad bands can result quite naturally from a single deep defect that is strongly coupled to the lattice.
Using a very different approach, Nguyen, Nguyen, and Grider 3 investigated the location of traps in an AlGaN/GaN heterostructure FET by observing a reduction in current compression with increasing negative gate bias. They concluded from this that the traps resided either in the AlGaN layer or at the interface. A similar conclusion was determined for AlGaAs/GaAs modulation-doped FETs 10 over a decade ago. Recently, Trassaert et al. 4 have observed the effects of surface states in their GaN MESFETs. This conclusion was based on the lack of any difference in threshold voltage between static and pulsed measurement conditions.
Because of the simplicity of the MESFET structure, the traps in the current investigation can reside only in the HR GaN layer, at the channel/HR-GaN interface, or as surface states. We do not believe that surface states or surface charges can account for the observed current collapse. First, the gate lag response, which is generally associated with surfaces, 27 shows little dependence on the magnitude of the applied drain-source voltage in GaN high electron mobility transistors ͑HEMTs͒. 28 This is unlike the current collapse mechanism reported here, that requires a high drain-source voltage. Furthermore, silicon nitride passivation of GaN HEMTs has resulted in a change of the gate lag response, 29 with no effect on the observed current collapse behavior. In addition, devices fabricated on conductive buffer layers do not exhibit current collapse. 29 This is a further indication that this phenomenon is due to charge trapping in the buffer layer.
The responsible traps cannot reside in the active region, as empty electron traps would simply be compensated by the channel carriers, with or without the high drain-source voltage. Their effect would be only to diminish the carrier concentration in the channel. In this work, we have assumed that the traps are in the bulk of the HR GaN. Such traps can result from point defects within single GaN grains, or they can be associated with extended defects, such as deep centers localized within the core of a threading edge dislocation. 30 As we noted earlier, both of the traps that were observed through photoionization spectroscopy exhibit the same optical absorption signatures as those of defects observed to be respon-sible for PPC, and it is very likely that they are the same defects. In both cases the PPC studies were carried out on thick GaN layers grown on sapphire. 13, 14 No conducting channel/HR GaN interface was present. It is therefore unlikely that the traps studied in this work, which we believe to be the same PPC centers, are located at the interface. If it were assumed, however, that the traps reside only at the interface, it is straightforward to show that the analysis described in Secs. IV and V remains essentially unchanged: The areal charge density eN Ϫ (t)x T in the charged region of the HR GaN is replaced by eN(t), where N(t) is the areal density of filled traps at the interface.
VII. SUMMARY
The dependence upon light intensity ͑exposure͒ of the reversal of current collapse was measured in a GaN MESFET for two distinct trapping centers. In order to extract meaningful parameters from the data, the process was modeled as resulting from the photoionization of trapped carriers in the HR GaN layer and the subsequent return of these carriers to the channel under the influence of the built-in electric field at the HR/channel interface. The modeling procedure also determined the conditions under which the optical response function S(hv), that measures the reversal of current collapse, is proportional to the photoionization cross section of the trap: These conditions are: ͑1͒ that the device is operated in the linear regime, and ͑2͒ that the measurements are carried out at low optical excitation. The effect of the recapture of the photoionized carriers on the validity of the proposed model was also considered. It was found that for the traps considered here, which are expected to have a relatively small capture cross section, carrier capture becomes important only at long illumination times, when virtually all of the trapped carriers have been returned to the channel. Using the model developed here, the experimental data were fitted, yielding a capture cross section and an areal trap concentration for each of the traps: 1 Х6ϫ10 Ϫ17 cm 2 , N 1 Х4ϫ10 11 cm Ϫ2 ; 2 Х2.8ϫ10 Ϫ15 cm 2 , N 2 Х6ϫ10 11 cm Ϫ2 . Thus, the two traps occur with comparable concentrations, and contribute comparably to the current collapse. The large difference in their measured optical response, S(hv), was found to be due to the large difference in their photoionization cross sections.
